
N A S A  T E C H N I C A L  NOTE 

d 

N A S  
A T N  D-5314 

.

c.f 
w 
m 

3 


SUBSONIC PERFORMANCE 
CHARACTERISTICS OF A LARGE-SCALE 
1.075 -PRESSURE-RATIO TIP-TURBINE 
CRUISE-FAN PROPULSION SYSTEM 

by Fruncis J. Cupone und Hurry T. Norton, Jr. 

LungZey Resemch Center 
Lungley Stution, Humpton, Va. 

N A T I O N A L  A E R O N A U T I C S  A N D  S P A C E  A D M I N I S T R A T I O N  W A S H I N G T O N ,  D .  C. A U G U S T  1 9 6 9  



TECH LIBRARY KAFB, NM 

IIIIIII11111111lllllIIIIIIll11lllll1111111 

OL32Lbb 


SUBSONIC PERFORMANCE CHARACTERISTICS OF 

A LARGE -SCALE 1.075-PRESSURE-RATIO TIP-TURBINE 

CRUISE-FAN PROPULSION SYSTEM 

By Francis J.  Capone and Harry T. Norton, Jr. 

Langley Research Center 
Langley Station, Hampton, Va. 

NATlONAL AERONAUT ICs AND SPACE ADMINISTRATION 

F o r  s a l e  by t h e  C l e a r i n g h o u s e  for F e d e r a l  S c i e n t i f i c  and T e c h n i c a l  I n f o r m a t i o n  
S p r i n g f i e l d ,  V i r g i n i a  22151 - CFSTI p r i c e  $3.00 

I 



SUBSONIC PERFORMANCE CHARACTERISTICS OF 

A LARGE-SCALE 1.075-PRESSURE-RATIO TIP-TURBINE 

CRUISE-FAN PROPULSION SYSTEM 

By Francis J. Capone and Harry T. Norton, Jr. 
Langley Research Center 

SUMMARY 

An investigation has  been conducted in  the Langley 16-foot transonic tunnel to 
determine internal and external performance characterist ics of a large-scale 1.075
pressure-ratio tip-turbine cruise fan. The intent of this investigation w a s  to determine 
trends rather than absolute levels in  performance since the fan was originally designed 
as a low-pressure-ratio lift fan. The effects of geometry change and exit-area variation 
on performance w e r e  determined with three f a n  cowls, afterbodies, and nozzle-exit plugs. 
The gas generator was closely coupled to the fan and resulted in  a gas-generator nacelle 
that extended forward and below the fan nacelle. Eight configurations were investigated 
at Mach numbers from 0 to 0.85 and at an angle of attack of 0'. The tes t  Reynolds num
ber based on the fan diameter (36.00 inches (91.44 cm)) varied from 3.90 X lo6 to 
11.25 x lo6. 

The resul ts  showed that the fan operated at the design pressure ratio or  near design 
fan rotational speeds for all configurations. Only changes in exit a rea  affected internal 
performance. The average overall fan efficiency (ratio of fan developed power to power 
absorbed by the fan turbine) w a s  62.5 percent for  all configurations. A s  a result of the 
low pressure ratio of the fan, the fan was found to operate over a wide range of fan mass-
flow rates, to have a rapid fall-off in thrust with free-stream Mach number, and to per
form over a large range of free-stream Mach number for a given nozzle area.  There was 
a 20-percent increase in thrust and a 20-percent decrease in specific fuel consumption 
for the complete propulsion system over values for the basic gas generator at the higher 
Mach numbers. Static thrust was found to be in slight error due to flow in the wind tunnel 
induced by the fan exhaust. 

Because the net thrust  decreased rapidly with increasing free-stream Mach number 
(due to low-pressure-ratio fan), the drag-minus-thrust coefficients became positive for 
all the configurations tested above a Mach number of 0.50. Those configurations with the 
longer nacelles had lower nacelle-drag coefficients, partly because of less flow spillage 
about the fan cowl. Increasing exit area decreased fan-nacelle drag due to a decrease in 
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afterbody drag and an increase in  plug thrust. All the configurations exhibited lower 
drag-rise Mach numbers than predicted from fan-nacelle design probably attributable to 
interference drag caused by the fairing between the fan and gas-generator nacelles. This 
interference drag was a result  of pressures  being much l e s s  than free-stream static pres
sure  and premature supercritical flows developing on the fairing. 

The close agreement between windmill external pressure distributions measured on 
the full-size model with pressures  measured on a 1/5-scale flow-through model, both in  
the same wind tunnel, is taken to indicate that wind-tunnel-wall interference and blockage 
effects were negligible. 

INTRODUCTION 

The National Aeronautics and Space Administration has  been conducting extensive 
research on V/STOL aircraft that utilize tip-turbine-driven lift fans (refs. 1to 7). This 
propulsion system uses the exhaust products of a gas generator (turbojet engine) to drive 
turbine blades mounted around the periphery of a ducted fan. Conversion of the high disk 
loading of the turbojet gas  generator to the lower disk loading of the fan results in an 
increase in static thrust for the same power input. Reference 5 presents results for a 
full-scale model of a current VTOL aircraft  that has  a lift fan in each wing, a pitch-
control fan mounted in the nose (needed for transitional flight), and a conventional turbo
jet for cruise. 

A lift fan can also be used for subsonic cruise by rotating the fan 90' to function 
essentially as a turbofan engine with a bypass ratio that can vary from 8:l to 15:l. In 
this way, at low forward speeds, the thrust of the driving gas generator is augmented and 
the cruise-fan specific fuel consumption can be less than that �or a conventional turbojet 
o r  turbofan engine of lower bypass ratio (ref. 8). Reference 7 presents test  results for 
a V/STOL transport configuration that has both lift and lift-cruise fan engines. Low-
speed resul ts  for an isolated 1.1-pressure-ratio lift-cruise fan a r e  presented in refer
ence 9. (Pressure ratio is the ratio of stagnation pressure aft of the fan to stagnation 
pressure ahead of the fan.) 

The present investigation utilized the X-376, 36.00-inch-diameter (91.44-cm) 
pitch-control fan of reference 5 and was concerned with extending cruise-fan internal 
and external performance data to high subsonic Mach numbers. This investigation w a s  
not intended, however, to determine absolute levels of performance but rather to indicate 
trends in internal and external performance due to external changes in geometry and 
variation of nozzle-exit area. This approach w a s  used because the tip-turbine fan of this 
investigation was designed as a l i f t  fan (i.e., pitch-control fan of ref. 5) and not as a 
cruise fan since the fan design pressure ratio was only 1.075. Lower cruise performance 
would be expected since a cruise fan with a pressure ratio of 1.3 is desirable for near 
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optimum performance when take-off thrust and cruise fuel consumption is considered 
(ref. 10). 

There are, however, some advantages in testing an available large-scale propul
sion system (even though it may not be optimum for cruise) rather than small-scale tests. 
Inasmuch as model Reynolds number in large-scale tes ts  are comparable to flight 
Reynolds number, boundary-layer effects in both the internal and external flows are sim
ilar. Also the effects of performance of hot gas mixing and nonuniform flow conditions 
behind the fan a r e  more realistic. 

The propulsion system of this investigation was  a tip-turbine cruise  fan with a 
close-coupled gas generator. The nacelle housing the gas generator extended forward 
and was below the fan nacelle with a fairing section between the two. Three fan cowls 
(inlets) and afterbodies were investigated in  order  to determine the effects of geometry 
changes on performance. Since an increase in flight Mach number requires a decrease 
in  fan duct exit a r ea  in order  to obtain the proper static pressure across  the fan for  a 
fixed fan blade angle and rotational speed, three nozzle plugs were provided to vary the 
nozzle-exit area. For actual flight applications, the nozzle plug might be a two-position 
plug, its diameter being varied by means of an inflatable rubber centerbody as suggested 
in reference 8. 

This investigation w a s  conducted in the Langley 16-foot transonic tunnel and 
results are included for eight configurations at Mach numbers from 0 to 0.85 and an 
angle of attack of 0'. The tes t  Reynolds number based on the fan diameter of 36.00 inches 
(91.44 cm) varied from 3.90 x lo6 to 11.25 X lo6. Results are also included for a non
powered 1/5-scde model of one of the configurations. This model w a s  investigated in 
order to determine wind-tunnel-wall interference and blockage effects. 

One of the configurations of the present investigation w a s  also tested at angle of 
attack and these results a r e  presented in reference 11. 

SYMBOLS 

Model forces  and moments a r e  referred to an axis system shown in figure 1where 
the origin is at the intersection of the fan axis of rotation with the fan-rotor reference 
plane. In addition, fan flow parameters (such as pressures,  mass-flow rate, thrust, etc.) 
were computed at various locations within the cruise  fan. These locations have been 
designated as instrumentation planes and are identified in figure 1to conform with usage 
adopted by the engine manufacturer. Dimensions are given in both U.S. Customary Units 
and the International System of Units (SI). Conversion factors (based on ref. 12) relating 
the two systems are found in table I. Table I1 presents various constants used. A 
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discussion of procedures used to compute fan performance characterist ics is given in 
appendix A. Symbols used in this report  are as follows: 

A cross- sectional area, f t2  (meter s2) 

Amax reference a r e a  based on fan-cowl maximum diameter at plane 10.3 as given 
in  table 17: (does not include gas generator c ross  section), f t2  (meters2) 

CA axial-force coefficient measured by force balance, Axial force 
q,Amax 

CD,B f a n  bulletnose pressure-drag coefficient, - Cp -AZ 
x/z=o Amax 

CD,f skin-friction drag coefficient 

1.0 

%P fan-nacelle-afterbody pressure-drag coefficient, 
Amax’x/z=a 

where a = x/Z at station 10.3 (see fig. 1) 

CD, a nacelle -drag coefficient as defined in  appendix A, Dn 
qwAmax 

cF,Plw plug thrust coefficient, ,where b is the value of x/Z at 

x/Z=l.O 
the end of the plug (see fig. 1) 

Cm pitching-moment coefficient measured by force balance, Pitching moment 
q,Amaxdma.x 

CN nor mal -f o rce coefficient measured by force balance, Normal force 
q,Amax 

CP pressure coefficient, 	
- p, 

q, 

‘p, min minimum pressure coefficient 
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Cp,sonic pressure coefficient for  sonic flow 

specific heat for air, joules
cP, a 

cP, g specific heat for  gas-generator exhaust, joules 

Dn net drag, Fn + (D - F), lbf (newtons) 


Dr ram drag, lbf (newtons) 


(D - F) drag minus thrust measured by force balance, lbf (newtons) 


d diameter, in. (cm) 


dmax fan-nacelle maximum diameter of station 10.3, 50 in. (127.00 cm) 


F5.1 ideal gas-generator exhaust thrust, lbf (newtons) 


F5.6 ideal fan-turbine exhaust thrust, lb (newtons) 

FlIs0 ideal fan thrust, lbf (newtons) 

Fg total ideal gross  thrust for cruise-fan propulsion system, (FgS6+ FllSo), 
lbf (newtons) 

Fg, E gas-generator ideal gross  thrust, lbf (newtons) 

Fn net thrust for cruise-fan propulsion system, Fg - D,, lbf (newtons) 

Fn, E gas-generator net thrust, Fg, E - D,,E, lbf (newtons) 

Fmeas static thrust measured by force balance, lbf (newtons) 

g gravitational acceleration, ft/sec2 (meters/sec2) 

2 length of fan cowl plus afterbody, in. (cm) 
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M 


M2 

Mtip 

m 

mf 

m w p i  
N 

'F 


PR 

P T  

'5.1 

'5.6 


P 

Pt 

Pt,b 

Pt, 11.0 

free-stream Mach number 

local Mach number where 2 can be replaced by instrumentation plane number 

fan-blade rotational tip Mach number 

mass-flow rate, lbm/sec (kilograms/sec) 

mass-flow rate of fuel, lbm/sec (kilograms/sec) 

ratio of free-stream mass-flow rate  to capture-area mass-flow rate 

rotational speed, percent of full speed except where noted 

fan ideal power at station 11.0, hp (kilowatts) 

fan ideal power, hp (kilowatts) 

total ideal power output of fan turbine, hp (kilowatts) 

ideal power available from gas-generator discharge, hp klowatts)  

ideal power absorbed by fan turbine from gas-generator discharge, hp 
(kilowatts) 

static pres  sure, Ibf/f t2 (newtons/meter2) 

stagnation pressure, lbf/f t2 (newtons/m eter2) 

boundary -layer stagnation pressure, lbf/f t2 (newtons/meter2) 

effective fan pressure ratio (see appendix A) 
(~t,lo.o)eff 

qCQ free-stream dynamic pressure, lbf/ft2 (newtons/meter2) 

R gas constant, ft/OR (joules/kilogram-OK) 
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RT 

r 

sfc 

T 

Tt 

v 

X 


XA 


X~~ 

XFC 


Y 


P 

Y 

yg 
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fan-turbine power-absorption ratio, P5.6/P5. 

radius, in. (cm) 

specific fuel consumption, per  hour 

absolute static temperature, OR (OK) 

absolute stagnation temperature, OR (OK) 

velocity, ft/sec (meters/sec) 

longitudinal distance (in the resul ts  presented, x is measured from the fan-
nacelle leading edge; in  the configuration ordinates (fig. 7), however, 
x-values are measured as shown in the separate sketches), in. (cm) 

afterbody length (fig. 7(d)) 

.distance from gas-generator -nacelle leading edge to gas-generator -
compressor face (fig. 7(g)) 

f an-cowl length (fig. 7 (b)) 

vertical distance, in. (cm) 

afterbody boattail angle, deg 

ratio of specific heat for air 

ratio of specific heat for gas-generator exhaust gas 

static-pressure correction parameter for  correction to standard sea-level 
conditions, p,/2116.2 (p,/101 325) 

stagnation-pressure correction parameter for correction to standard sea-
level conditions, pt,,/2116.2 (pt,,/lO1 325) 

overall fan efficiency, PF/P5.6 = P ~ ~ . ~ / P ~ . ~  
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VR fan-rotor efficiency, 0.82 (assumed value) 

77, fan-stage efficiency, P,/P, 

0 meridian angle as defined in figure 2, deg 

fi stagnation-temperature correction parameter for correction to standard sea-
level conditions, JTt,,/518.69(JqpGi) 

P density, lbm/ft3 (kilogram s/meter 3) 


Subscripts: 


00 free stream 


2.0 gas-generator compressor face 


5.1 gas-generator turbine-discharge plane 


5.6 fan-tip -turbine discharge plane 


9.0 fan-inlet leading edge 


10.0 fan-inlet measuring plane 


10.3 fan-rotor reference plane 


10.6 fan-rotor-discharge measuring plane 


11.0 fan-discharge measuring plane aft of stators 


b boundary layer 


E gas generator 


:	 e exit 

eff effective 
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F f a n  

i geometric capture area 

1 local 

max maximum 

static static conditions where M = 0 

A bar  over a symbol indicates an average value. 

APPARATUS AND PROCEDURE 

Model Installation 

A sketch showing the installation of the cruise-fan propulsion system in the Langley 
16-foot transonic tunnel is presented as figure 2. Figure 3 shows a simplified sketch of 
the cruise-fan assembly, and photographs of some of the configurations a r e  given as fig
ure 4. The model w a s  sting supported s o  that the fan-nacelle center line was 25.00 inches 
(63.50 cm) above the tunnel center line. (See fig. 2.) All model geometry is referenced 
to the fan-rotor reference plane, plane 10.3 (fig. l),and plane 10.3 is hereinafter used to 
refer  to this  location. For  this investigation, the propulsion system was mounted in the 
wind tunnel in an inverted position. For an  actual flight application, the gas generator 
would be on top rather than on the bottom. All references made to model geometry a r e  
according to the wind-tunnel installation. 

As a means of increasing the structural integrity of the model, guy wires  were 
attached to the sting by two fixtures which protruded through holes at the r e a r  of the 
gas-generator nacelle. (See rear view of fig. 4(b).) A flexible seal between the fixtures 
and the gas-generator nacelle prevented any air leakage. A second set of guy wires  w a s  
attached directly to the sting downstream of the gas-generator nacelle. (See front view 
of fig. 4(b).) 

Configurations 

A three-digit configuration code is used to identify the various configurations as 
follows: 

X X X 

Fan cowl (inlet) Afterbody Plug 
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Th.us, configuration 144 used fan cowl 1, afterbody 4, and plug 4. Sketches of the eight 
configurations tested are shown in figure 5, and the geometric characterist ics of these 
configurations are summarized in  figure 6. 

Propulsion System 

The propulsion system of this model consisted of the X-376 tip-turbine fan (pitch
control fan of ref. 5), driven by a modified T58-GE-6A gas generator. Figure 4(c) shows 
the gas generator in relation to the fan. In this photograph, the transition ducts and 
bellows have not yet been installed. 

Fan.- The f a n  was a single-stage, tip-turbine-driven fan designed for  a pressure-
ratio of 1.075. The rotor contained 36 fan blades and the tip-mounted turbine buckets. 
The f a n  tip diameter was 36.00 inches (91.44 cm) and the hub diameter was 16.20 inches 
(41.15 cm). Design rotational speed of the fan was 4074 revolutions per minute. A 
bulletnose fairing for the fan hub was provided to smooth the flow entering the fan, Bul
letnose ordinates a r e  given in figure 7(a). The fan rotor without the bulletnose can be 
seen in the photograph of figure 4(d). A single set of 52 stator vanes were par t  of the 
r ea r  fan frame and can be seen in  the photograph of figure 4(e). 

The tip--turbine buckets were located radially outboard on the fan-rotor blade tips. 
The gas-generator exhaust w a s  admitted through a scroll  to the f a n  tip turbines. The 
scroll of this partial-admission turbine covered the lower 167' of the circumferential 
arc; the remainder of the turbine a r c  w a s  inactive. The tip-turbine diameter was 
41.60 inches (105.66 cm). The scroll  can be seen with insulation about it in figure 4(d). 

Gas  generator.- The gas generator was  a modified T58-GE-6A turboshaft gas-
turbine engine and used JP-4 as a fuel. The modification consisted of removing the 
power turbine assembly. Design speed of this gas  generator is 26 300 revolutions per 
minute. A flow-straightening and bel.lows section were provided between the gas genera
tor and f a n  scroll inlet. (See fig. 3.) 

The fan flow and turbine flow were then discharged into a common annular chamber 
before entering the exhaust nozzle system. (See figs. 3, 4(e), and 4(f).) 

Model Components 

In order to simplify the description of the various model components, each of the 
model components o r  surface has  been defined in figure 3 and ordinates are given in fig
ure 7. A more complete description of these surfaces now follows. 

Faa  cowl and inlet.- The f a n  cowl and inlet include that portion of the fan nacelle 
I 

(excluding gas-generator nacelle) that is forward of plane 10.3 (fig. 3). The fan cowl is 
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the external surface and the fan inlet is the internal surface. Fan-cowl and inlet ordi
nates are given in figure 7(b) and ordinates for  the fairing between the fan-cowl and gas-
generator nacelle are given in figure 7(c). 

Three fan cowls were tested during this investigation. The design of the two 
longest fan cowls w a s  based on the methods of references 13 and 14 to have NACA 
series 1inlet shapes with critical Mach numbers of 0.81 (cowl 1)and 0.71 (cowl 2). The 
data of reference 13 did not extend to the proportions desired for the shortest cowl and 
its critical Mach number was estimated to be 0.55 (cowl 3). All three cowls had a max
imum diameter of 50 inches (127.00 cm) occurring at plane 10.3. The large diameter 
was necessary to accommodate the scroll  and to keep the nacelle symmetrical. Future 
cruise fans would probably have smaller full admission scrolls (active over 360' of arc) 
that would result  in a smaller diameter nacelle �or the same-diameter fan (ref. 8). 
Internal flow areas for the three f a n  inlets are given as figure 8(a). 

Afterbody, nozzle. shroud, and plug.- The afterbody is defined as the external por
tion of the f a n  nacelle that is a f t  of plane 10.3 (fig. 3); the internal contour is defined as 
the nozzle shroud. Afterbody md nozzle-shroud ordinates a r e  given in figure 7(d) and 
ordinates for the fairing between the afterbody and gas-generator nacelle a r e  presented 
in figure "(e). The external contours of the three afterbodies were circular-arc seg
ments terminating with boattail angles of p = 10' (afterbody 43, 12' (afterbody I), and 
14.5' (afterbody 2). (See fig. 6.)  

The nozzle shroud consisted of a cold and a hot side. (See fig. 7(d).) The cold 
side consisted of the upper 173" of the shroud and the hot side, the remaining 187'. 'The 
hot side was fabricated to allow for expansion due to the heating effects of the fan-turbine 
flow. A flow splitter of the same raclius as the shroud cold side and located circumfer
entially the same as the hot side w a s  provided in order  that �an-turbine exhaust-gas 
pressure and temperature could be measured before mixing occurred with the cold fan 
flow. The nozzle shroud geometry including the flow splitter can be seen in figure 4(e). 

Three plugs were provided in order  to vary the exit area of a particular configura
tion. Plug ordinates are given in figure 7(f). The three exit a r eas  iiivestigated, 433 in2 
(2793 cm2), 566 in2 (3652 cmz), and 770 in2 (4968 cm2), were sized for operation at 
Mach numbers of 0.80, 0.45, and 0.17, respectively. Internal flow a reas  for the various 
afterbody-plug combinations are given as figure 8(b). 

Gas-generator nacelle and inlet.- The gas-generator nacelle is defined as the 
ex tern9  surface of the fairing enclosing the gas  generator, force balance, and sting up 
to the flexible seal (fig. 3). The gas-generator inlet was the internal surface up to the 
gas-generator compressor face. Contours for the gas-generator nacelle up to the 
cylindrical section w e r e  established, again by the design technique of r e k r e n c e  63. The 
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design critical Mach number was 0.81 and the NACA inlet designation was 1-50-110. 
Ordinates for the gas-generator nacelle and inlet are presented in figure 7(g) and the 
bulletnose ordinates can be found in figure 7(h). The internal flow area for the gas-
generator inlet is shown in figure 8(c). The flexible seal insured no leakage between the 
end of the gas-generator nacelle and the nacelle-to-sting transition section which was 
attached to the sting (fig. 3). 

Instrumentation 

Model forces were measured with a six-component internally located strain-gage 
balance. An  externally wrapped water jacket was used about the balance to maintain a 
constant balance temperature. Pressure measurements up to a maximum of 485 were 
made, depending on the configuration, and were recorded on 12 pressure-scanning 
devices, each capable of scanning 48 pressures.  Each pressure-scanning device con
tained a single pressure transducer. The outputs of the force balance and pressure-
scanning units were digitized and recorded on punch cards.  A part  of the pressure 
instrumentation was  used for determining static -pressure distributions over the various 
model surfaces. The remainder of the pressure instrumentation was used for deter
mining flow properties at the various instrumentation planes (fig. 1) throughout the model 
as follows: 

_._- . _.. -__ . 

~~ 

Plane Type - Number 
--- - .- 4 deg -. 

2.0 Stagnation 15 22.5, 112.5, 202.5 

2.0 Static 9 22.5, 112.5, 202.5 

2.0 Boundary layer 6 22.5, 112.5, 202.5 

5.1 Stagnation 6 0, 180 

5.6 Stagnation 8 112.5, 137, 157.5, 180 

202.5, 225, 247.5, 270 

10.0 Stagnation 24 45, 135, 225, 315 

10.0 Static 24 45, 135, 225, 315 

10.0 Boundary layer 16 45, 135, 225, 315 

10.6 Stagnation 24 67.5, 157.5, 247.5, 337.5 

11.0 Stagnation 24 67.5, 157.5, 247.5, 337.5 
0 

11.0 Boundary layer 12 157.5, 337.5 
- . - . ... __  __ -
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Gas-generator and fan-turbine exhaust stagnation temperatures were measured 
with chromel-alumel thermocouple probes and were recorded on continuous strip-chart 
recorders.  Gas-generator rotational speed was measured with a tachometer generator 
and fan ,rotational speed was determined from a variable-reluctance magnetic pickup. 
Gas-generator fuel mass-flow rate was determined from calibration curves based on 
corrected inlet flow rates for  the T58-GE-6A gas generator. (See appendix A.) In addi
tion, gas-generator fuel and oil  pressure,  gas-generator and fan vibration, fan-bla,de 
stresses, and nacelle-cavity temperatures were monitored continually to insure safe 
operation. 

Wind Tunnel and Tests 

The investigation was conducted in  the Langley 16-foot transonic tunnel, which is a 
single-return atmospheric wind tunnel with a slotted, octagonal test section. The speed 
range of this tunnel is from a Mach number of 0.20 to 1.30. Maximum Mach number for 
this investigation was 0.85 for configuration 144. 

Fan-blade s t resses  higher than allowable limited testing of configuration 243 to 
M = 0.40 and configurations 112 and 322 to M = 0.65. These configurations have a 
larger exit a r e a  than the other configurations tested and the high s t resses  were attrib
uted to operation of the fan at off-design conditions not normally encountered in a typical 
fan operating envelope. 

The following procedure was used in  recording data. First, the wind tunnel was 
brought to the desired speed and a fan windmill data point w a s  taken. The gas generator 
w a s  started and brought to idle condition (about 55 to 60 percent of rated speed) and 
another data point w a s  taken. Then three power-on data points were taken, the last 
being usually at approximately maximum uncorrected gas-generator speed (usually 98 to 
101 percent). It required about 30 seconds to record a data point because of the p r e s s u e 
scanning equipment used. 

Boundary-layer transition s t r ips  were not affixed to any portions of the model 
during the investigation. 

Corrections 

No corrections for wind-tunnel-wall interference or  blockage effects w e r e  applied 
to the data. However, it is believed that the magnitude of these corrections is negligible 
since a comparison of windmill p ressure  distributions between configuration 123 and a 
1/5-scale flow-through model of configuration 123 shows good agreement. ,These results 
are discussed in appendix B. 
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Axial force was corrected to the condition of f ree-s t ream static pressure acting 
across  the flexible seal. This correction varied from -0.002 to 0.005 in  t e rms  of a seal-
force coefficient force/qmAmax). 

RESULTS 

Table 111is an index to the results of this investigation, which are presented in fig
ures 9 to 81. In general, typical pressure distributions have been presented in order to 
show trends. Only data taken at windmill and maximum obtainable fan-rotational-speed 
conditions a r e  presented and only the maximum obtainable f a n  speed is noted in the fig
ures.  Windmill fan speed can be obtained from figure 13. 

The pressure profiles of figures 14 to 29 have been plotted as a function of r/rmax 
where r = 0 is the fan-nacelle center line. For the fan-inlet and rotor-discharge pro
files, rmax= 18.00inches (45.72cm) and r /rma = 0.45 for  the fan bulletnose. For 
the fan-discharge profiles, rmax= 19.35 inches (49.15cm) and r/r” = 0.422 for 
the exit plug. 

The pressure distributions presented as figures 44 to 69 have been plotted as a 
function of x/E. where 2 is the fan-cowl length plus afterbody length (total fan-nacelle 
length) for  each configuration and this length is given in figure 6. The origin of the 
coordinate system in these data figures is the leading edge of the fan cowl for  that par
ticular configuration. Thus, x/Z = 0 is the fan-cowl (or inlet) leading edge and 
x/l = 1.0 is the nozzle exit. For the fan-nacelle pressure distributions presented in 
figures 44 to 51, the outer surface corresponds to the fan cowl and afterbody while the 
inner surface corresponds to the fan-inlet and nozzle-shroud surfaces. Similar termi
nology is used for the gas-generator pressure distributions of figures 60 to 67. That is, 
x/Z = 0 represents the leading edge of the fan cowl. The location of plane 10.3 has also 
been identified in these figures. 

DISCUSSION 

Gas-Generator Flow Characteristics 

Some selected gas-generator inlet pressure profiles for configuration 244 a r e  pre
sented in figure 9. These results a r e  typical of all the configurations and show excellent 
inlet pressure recovery and uniform velocity profiles at the gas-generator -compressor 
face. Figures 10 and 11present gas-generator and fan-turbine exhaust stagnation-
pressure profiles, respectively. These profiles, again, are for configuration 244 and a r e  
at the same tes t  conditions as the inlet distributions presented in figure 9. In addition, 
data are presented at a lower gas-generator rotational speed. The circumferential drop 
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in  fan-turbine exhaust pressure (fig. 11)is primarily associated with the flow having to 
travel a greater distance to the outer extremities of the scroll. 

Gas-generator and fan-turbine exhaust-temperature characterist ics for the various 
configurations are shown in figure 12. Again, only selected data a r e  presented to show 
trends in these temperatures. On the average there is a drop of about 10 percent in 
stagnation temperature from the gas-generator turbine through the f a n  tip turbines that 
is caused by the expansion of the flow through the tip turbine and the accompanying 
extraction of energy needed to drive the fan.  

Some gas-generator performance data are presented in figure 13 for the various 
configurations. Shown are gas-generator air-mass-flow rate and power characteristics. 
Also shown are variation of fan speed and fan-turbine expansion ratio 5t75.6 t,5.1 withI5 
gas-generator rotational speed. Total gas-generator mass-flow rate can be obtained by 
adding the fuel-flow rate given in appendix A to the values of corrected air-mass-flow 
rate  given in figure 13. 

Fan Internal -Flow Characteristics 

Fan-inlet pressure profiles.- Fan-inlet stagnation- and static-pressure profiles 
are presented in figures 14 to 21  for the various configurations. These data, at windmill 
and maximum-obtainable fan rotational speed for selected Mach numbers, are repre
sentative of flow conditions in the three inlets. Increasing fan speed from windmill to 
maximum -obtainable speed changed the static -pressure level and influenced boundary-
layer depth. Because the pressure probes for  inlet 3 were located 2.75 inches (4.24 cm) 
behind the inlet leading edge, they may be influenced by both radial and axial components 
of the flow. 

The data of figures 14 to 2 1  generally show that fan-rotor inlet velocity decreases 
from the hub to the tip. This higher velocity at the hub is primarily due to local accel
eration of the flow over the bulletnose. Increases in Mach number do not appreciably 
affect inlet performance and all three inlets exhibit excellent pressure recovery with 
little loss  associated with the boundary layer. Losses in effective fan-inlet stagnation 

pressure (&, 10.O)eff were less than 0.3 percent. 

Fan-rotor and fan-discharge pressure profiles.- Fan-rotor and fan-discharge 
stagnation-pressure profiles are presented in figures 22 to 29. These data are at the 
same test conditions as the inlet pressure profiles given in  figures 14 to 21. The stag
nation pressures  at windmill conditions were essentially equal at all the meridian sta
tions; consequently, data at only one meridian station are presented at windmill condi
tions. The meridian station at 0 = 157.5' fo r  pt,11.-,/pt70? was chosen in order  to 
show windmill boundary-layer conditions. 
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The pressures  at plane 11.0 were numerically averaged to give the effective fan 
pressure ratio. The large pressure drop at the fan-blade tips is probably due to opera
tion of the tips in a stall region. The fan-blade t ips are also influenced by boundary-
layer and tip-clearance effects. These conditions are especially prevalent at low Mach 
numbers where the largest  percentage pressure drop occurs. Because the Mach number 
is increased and the fan is operating at conditions nearer optimum, and thus at a more 
uniform blade loading, the pressure profiles at each meridian station tend to flatten out 
and become the same. (For example, compare figs. 22(a), (b), and (c).) Those pressures  
at 0 = 157.5O and 247.5O a re  generally higher than at the other two meridian stations 
and may be due to leakage of hot gas from the scroll. The lower pressure levels for con
figurations 112 and 322 at M = 0.65 (figs. 27(c) and 28(c)) are due to operation of the fan 
at about 76 to 77 percent speed. 

Fan Performance Characteristics 

Static thrust.- Static thrust measured by the force balance for the configurations 
tested is presented in figure 30 and is plotted as a function of N F / G  and ( N ~ / f i ) ~  
which allows extrapolation to 100 percent fan speed. Maximum measured thrust for 
configuration 243 (which was sized for M = 0.17) was 1450 pounds (6450 N). By extrap
olation to 100 percent fan speed, a maximum thrust of 1530 pounds (6807 N) might be 
expected. 

Also shown in figure 30 a r e  the static-thrust ratios Fmeas(Fn,static (ratio of 
measured to computed static thrust). These ratios have been presented for corrected 
fan speeds greater than 60 percent and have not been presented for configuration 113 
sinc'e these data may be influenced by a plug mechanical instability which limited the 
maximum attainable static N F / c  to about 72 percent. The static-thrust data for con
figuration 113, however, have been presented. These static-thrust ratios, which range 
from about 0.84 to 0.91, a r e  believed to be lower than would be expected because of a 
wind-tunnel flow that was  induced by the fan discharge at static conditions. The higher 
thrust ratios for configuration 243 would be expected since its exit was  designed for 
take-off (Mach number 0.17). The fan discharge caused an induced velocity through the 
wind tunnel that was  estimated by observers to be about 22 to 30 feet per second (6.70 to 
9.15 m/sec). This induced flow existed mainly as a core in the center of the wind tunnel 
and was  not present in the tunnel walls. 

An estimate has been made of the induced ram drag based on the induced free-
stream velocity of 22 feet per second (6.70 m/sec) and fan mass-flow rate at maximum 
fan speed. The ram drag at this induced free-stream velocity was  about 6 percent of the 
ideal static thrust. Because of this induced velocity, it is believed that the measured 
static-thrust levels presented in figure 30 are 6 to 10 percent too low. 
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Fan airflow, pressure ratio, and thrust characteristics.- Fan airflow rates, effec
tive pressure ratio, and thrust characterist ics are presented for the various configura
tions in figures 31 to 38. As can be seen, the fan operated at or near the design pressure 
ratio of 1.075 at maximum corrected f a n  speeds. At high Mach numbers (0.7 and 0.8) up 
to 90 percent of the gross  thrust is used to overcome the large amount of ram drag which 
is due to the high bypass fan. External geometry changes (except exit area) have no 
effect on these parameters.  

Fan-turbine power-absorption ratio, fan-stage efficiency, and overall fan efficiency. .-

Fan-turbine power-absorption ratio R~ = P5.6/P5.1; fan-stage efficiency qs = PF/PT; 
and overall f a n  efficiency qF = PF/P5.6 are presented in figure 39. Appendix A con
tains a more complete description of these quantities. An increase in the exit area 
requires a larger  input from the gas  generator. Maximum overall fan efficiencies qF, 
which range from 61 to about 64 percent, occur at the approximate Mach number for 
which that exit was sized. For example, qF,” occurs at M = 0.2 for configura
tion 243; at M = 0.5 for  configurations 112 and 322; and at M = 0.65 to M = 0.85 for 
configurations 144, 244, 344, 123, and 113. At a constant N F / 6  greater than 85 per
cent, there is a sharp increase in  qF as Mach number is increased from static condi
tions to the Mach number for  which a particular exit area was designed. The Mach num
ber  effect present in these data can be removed by plotting efficiency as a function of 

M/Mtip
_.Specific-fuel-consumption -and net-thrust-augmentation characteristics. - Specific 

fuel-consumption and net-thrust-augmentation ratios are shown in figures 40 and 41, 
respectively. It should be noted that one is the reciprocal of the other; however, both 
have been included for the convenience of the reader. These data are summarized in 
figure 42 and have been presented at N F / f i =  90 percent. The advantages of coupling 
the large-bypass-ratio fan are quite evident especially at static conditions. At the higher 
Mach numbers, there is about a 20-percent increase in thrust for the complete propulsion 
system over the thrust for the basic gas generator. (See fig. 42.) 

Thrust-ratio characteristics. - A summary of the thrust ratio. 

(Fn, nux1static 
is presented in figure 43. The thrust ratios presented a r e  based on the maximum value 
of Fn for any particular configuration at a given Mach number, and the data for all 
configurations of a particular exit area were averaged. The value of (Fn,m,)static 

was that which was measured (appendix A) for configuration 243. The dependence of 
thrust levels on exit area and Mach number is illustrated in this figure. The large 
reduction in net thrust with increase in  free-stream Mach number is due primarily to 
the low pressure ratio of the fan, which resul ts  in a relatively low value of discharge 
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velocity, such that the difference between the exit velocity and .V, becomes very small 
as Mach number is increased. Fans with a higher pressure  ratio would not have as 
great a reduction in net thrust. 

Some comments concerning the two-position inflatable plug proposed in reference 8 
can be made. A nozzle system of this type would be simpler than, for example, a nozzle 
system with a variable exit. However, it would be expected that during par t  of the flight 
regime, the two-position-plug nozzle system would not be as efficient as a variable exit 
system which would operate at an exit a rea  that gave optimum performance for  a particu
lar flight speed. If, for  example, the present propulsion system w e r e  operated with only 
the three exit areas investigated (a three-position nozzle), one would change exit area at 
M = 0.30 and M = 0.55 for optimum performance (for this propulsion system only). 
However, if the nozzle system used only a two-position inflatable plug, then losses in 
thrust of 6 to 10 percent would occur when the exit area was changed at M = 0.3, (See 
fig. 43.) These losses  are approximately the same as those predicted in reference 8. 
Similarly, the data of figure 42 can be used to predict losses  in specific fuel consumption 
and thrust augmentation. 

Another important observation from these data is the relatively wide range of free-
stream Mach numbers which can be obtained with a given fixed nozzle area. This Mach 
number range is due to the wide range of mass-flow rates at which this low-pressure
ratio fan operates. (See fig. 43.) 

Surface Pressure Distributions 

Surface pressure distributions fo r  the various configurations are presented in fig
u res  44 to 67. These distributions include: fan cowl and inlet, afterbody, and nozzle 
shroud (figs. 44 to 51); bulletnose and plug (figs. 52 to 59); and gas-generator nacelle and 
inlet (figs. 60 to 67). 

In general, fan operation had little or no effect on the external fan cowl and after-
body pressure distributions except in the vicinity of the cowl leading edge, where fan 
operation at t imes made the negative pressure peaks at the cowl lip less negative. (See 
figs. 44 to 51.) This effect occurred at low Mach numbers where mass-flow ratio has 
greatest variation with fan rotational speed. (See fig. 69.) At windmill conditions (lower 
mass-flow ratio), more spillage occurs and probably causes the higher cowl-lip suction. 

A comparison of the pressure distributions for  configurations 144,244, and 344 
(figs. 45,46, and 47, respectively) showed that although the external pressure distribu
tions over the fan cowls are quite different, afterbody pressure distributions are nearly 
the same with configuration 344 (shortest fan cowl), having the most negative afterbody 
pressure coefficient. The shorter fan cowls exhibit a more rapid expansion of the flow 
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over the cowl and, hence, higher negative pressure peaks. Also, the flow experiences a 
sudden compression in the vicinity of the cowl maximum diameter. 

Another condition typical of the external flow is the difference in afterbody pres
sure  recovery on the fairing between the afterbody and gas-generator nacelle (0= 150'). 
This lower pressure  region (more negative pressure coefficient in fairing) is a possible 
source of high interference pressure drag. 

The plug pressure distributions for all the configurations except 112 and 322 are 
characterized by an overexpansion of the flow as it leaves the nozzle. (See figs. 52 
to 59.) These configurations use the large plugs (plugs 3 and 4), and the overexpansion 
probably results from a more rapid acceleration of the flow over these larger  plugs. 
Comparison of the plug pressure distributions at 0 = 0' and 8 = 180' (figs. 52 to 59) 
shows little asymmetry of the flow due to mixing of the cold fan flow and hot fan-turbine 
exhaust. 

Operation of the fan also had little effect on gas-generator nacelle pressures  except 
at the nacelle leading edge where increases in fan speed decreased the magnitude of the 
gas-generator nacelle-lip suction. (See figs. 60 to 67.) These resul ts  indicate that as 
the flow over the top of the gas-generator nacelle (0 = 0') approaches the fan nacelle, it 
approaches stagnation conditions. In addition, a local acceleration of the flow on the 
cylindrical par t  of the gas-generator nacelle is induced by the flow field of the entire fan 
nacelle. 

Aerodynamic Characteristics 

Aerodynamic characterist ics as measured by the force balance for the various con
figurations tested a r e  presented in figure 68. The thrust has  not been removed from the 
coefficients presented. At Mach numbers greater  than 0.50, the drag of all the configu
rations (except 243 which w a s  not tested above M = 0.40) was larger  than the thrust. 
However, this was to be expected since this particular propulsion system as stated in  
the INTRODUCTION was not originally intended for use as a cruise fan because of the 
low-pressure-ratio fan. Previously, this propulsion system w a s  noted to experience 
large decreases in net thrust with increase in free-stream Mach numbers. 

Operation of the fan generally caused small  changes in normal force and large 
increases in  pitching moment with increasing fan speed. Pitching moment varied nearly 
linearly with fan speed. 

Drag Characteristics 

The variation of mass-flow ratio (capture-area ratio) with fan speed and the varia
tion of nacelle-drag coefficient with mass-flow ratio a r e  presented in figures 69 and 70, 
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respectively. Nacelle-drag coefficient as defined in appendix A is 

where 

Fn = Net thrust = (F1l,O + Fge6)- Dr 

(D - F) = Measured drag minus thrust 

The nacelle-drag data at windmill conditions have been summarized in figure 71. 
Also shown in this figure are the gas-generator skin-friction drag coefficient and the 
total skin-friction drag coefficients for each configuration. Skin-friction drag with a 
fully turbulent boundary layer and zero heat transfer assumed was computed by the 
Sommer and Short method as given in  reference 15. 

Those configurations employing the fan cowls 1or 2 had the lowest drag. In order 
to determine some of the reasons for  the differences between configurations, afterbody 
pressure drag and plug thrust coefficients have been presented in figures 72 and 73, 
respectively. The fan-nacelle afterbody is defined in figures 7(d) and "(e) .  The force 
coefficients in figures 72 and 73 were obtained from integration of the pressures  acting 
on these surfaces as outlined in appendix A. Since there is little change in the afterbody 
pressure distributions with fan operation (figs. 44 to 51), only windmill afterbody drag 
coefficients have been presented in figure 72 (CD,P 

varied &5percent from values pre

sented with fan operation). Note that plug thrust is for  only the external portion of the 
plug downstream of the nozzle exit. 

The differences between C
D, 3 

for configurations 144 (long cowl) and 244 (medium 
cowl) are due primarily to differences in skin friction. The small  difference between 
CD,p for configurations 144 and 344 (or 244 and 344) is offset by the lower values of 

CD,f for configuration 344 (short cowl). However, the drag of configuration 344 is con
siderably greater than that of configurations 144 and 244. This result is probably due to 
an increase in the amount of inlet-flow spillage (configuration 344 operates at lower 
"/mi) and the pressure drag on the fan inlet. Both fan inlets 1and 2 develop some 
thrust in the inlets due to positive pressures  acting on the diverging surface of the fan 
inlet. Whether this is a net thrust for the inlet and cowl depends upon the balance that 
exists between the cowl-lip thrust and the additive drag. (Theoretically, the cowl-lip 
thrust cancels the additive drag at subsonic speeds.) 
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Although the afterbody drag of both afterbodies 1 and 2 is almost twice as large as 
that of afterbody 4 (due to greater projected area, figs. 5 and 6), approximately the same 
amount of thrust is developed on the plugs for configurations 123 and 113 so that approx
imately the same nacelle drag results for these configurations as for configuration 144. 
(See figs. 72 and 73.) 

An effect of exit-area variation can be seen by comparing configurations 113 and 
112. Afterbody drag is lower and plug thrust is higher for configuration 112 and results 
in lower nacelle drag. (See figs. 71, 72, and 73.) The lower plug thrust for configura
tion 113 is a result of the overexpansion of the flow leaving the nozzle. (Compare 
figs. 56 and 57.) This overexpansion also influences afterbody pressures  on configura
tion 113 by causing these pressures  to be more negative with a corresponding increase in 
afterbody drag. (See fig. 72.) 

Although a similar effect might be expected in a comparison of afterbody drag of 
configurations 123 and 322, afterbody drag (fig. 72)for configuration 322 is higher. How
ever, afterbody pressures are probably influenced more by the flow developed over the 
shorter fan cowl as is the case with configurations 144 and 344. 

Other small differences between the nacelle-drag coefficients for different config
urations are due to differences in the nozzle frictional losses that are not taken into 
account in the analysis presented. The differences between these losses a r e  believed to 
be quite small. 

All the configurations exhibited lower drag-rise Mach numbers than predicted from 
nacelle design considerations. The lower drag-rise Mach number can be partly attrib
uted to the fairing between the fan and the gas-generator nacelles. In order to illustrate 
this result, the fan-nacelle-lip peak negative pressure coefficients Cp,min have been 
plotted as a function of Mach number and are presented in figure 74. Shown a r e  Cp,min 
for three meridian angles, 8 = Oo, 90°, and 150°, for configurations 144, 244, and 344. 
(Other configurations show similar effects.) The pressure orifices at 8 = 150' a r e  
located along the center of the fairing. Also shown is the pressure coefficient necessary 
for sonic flow. Since supercritical flow is undesirable because of associated drag 
increases due to shock formation and possible flow separation, it becomes necessary not 
to accelerate the flow along the nacelle above sonic conditions. For fan cowl 1 (config
uration 144)and 8 = Oo, the Mach number for critical flow is 0.79 and indicates that the 
design procedures used are sufficient for designing isolated nacelles since the design 
Mach number Mcr was  0.81. The critical Mach number for the gas generator is about 
0.82 (design Mach number was  0.81). 

However, the critical Mach number is decreased at the other meridian stations 
shown and is about 0.71 at 8 = 150° (about a 10-percent reduction) so that reductions in 
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critical Mach number due to fairing interference are indicated. The same is also true 
for  configuration 244 (medium cowl). Reference 11 showed that for configuration 113, 
the fan-nacelle critical Mach number was lowered to 0.65 at an angle of attack of 5' and 
a free-s t ream Mach number of 0.70. Although the crit ical  Mach number is the same at 
all the meridian angles for configuration 344 (short cowl), Cp,min is higher at 
8 = 150' up to the cri t ical  Mach number. These larger  negative pressures  dong  the 
fairing also affect afterbody pressure recovery and, hence, afterbody drag. This effect 
on afterbody drag is shown in the lower par t  of figure 72 where the ratio of fairing after-
body drag to total afterbody drag is shown. The tick marks indicate the ratio of fairing 
projected areas to total afterbody projected area. As can be seen, the fairing drag is 
from 2.5 to 9.0 percent higher than might be expected on the basis  of fairing projected 
area for an assumed symmetric pressure distribution about the entire afterbody. 

The resul ts  of references 9 and 16 would tend to indicate that the values of nacelle-
drag coefficient for  the present investigation are high. Data from reference 16 were 
obtained for isolated nacelles which were supported from the front by a pipe that extended 
into the throat of the wind tunnel. High-pressure air was brought through the pipe to 
serve as the fan flow. During the investigation of reference 9, section drag coefficients 
were obtained from integrations of the boundary-layer total pressures  at the fan-nacelle 
trailing edge. These resul ts  indicate a section drag coefficient that var ies  from 0.11 
along the meridian containing the gas-generator nacelle to 0.04 along the meridian located 
180' from the gas generator (similar to isolated nacelle meridian). These resul ts  would 
indicate that although low nacelle-drag coefficients can be obtained for isolated nacelles 
(ref. 16), addition of a close-coupled gas-generator nacelle can increase nacelle drag 
due to skin friction and can cause possible adverse interference effects. The importance 
of properly simulating inlet conditions is also evident. For the tes t  setup of reference 16, 
the inlet mass-flow ratio is 1.0 and, hence, the effects of flow spillage inherent with oper
ating inlets at lower mass-flow ratios were not present. 

In addition, the nacelle-drag coefficients presented herein also include the nozzle 
and plug frictional losses that were not included in the calculation of f an  thrust because 
of the location of the pressure  instrumentation (appendix A). These losses  are usually 
associated with internal performance and had they been taken into account, the computed 
thrust would be lower and, hence, would result in lower nacelle-drag coefficients. The 
coefficients of the present investigation are also based on the fan-nacelle maximum area 
rather than the total cross-sectional area represented by both the fan and gas-generator 
nacelles. Addition of the gas-generator-nacelle cross-sectional area would increase the 
total cross-sectional area about 15 percent. 

22 




CONCLUDING REMARKS 

An investigation has  been conducted in the Langley 16-foot transonic tunnel to 
determine internal and external performance characteristics of a large-scale 1.075
pressure-ratio tip-turbine cruise  fan. The effects of geometric change and exit-area 
variation on performance for eight configurations were investigated at Mach numbers 
from 0 to 0.85 and at an angle of attack of 0'. Geometric variation was accomplished by 
using three f a n  cowls, afterbodies, and nozzle-exit plugs. The test Reynolds number 
based on the fan diameter (36.00 inches (91.44 cm)) varied from 3.90 X lo6 to 11.25 X lo6. 

The results showed that the fan operated at the design pressure ratio at or near 
design fan totational speeds for all configurations. Only changes in exit area affected 
internal performance. The average overall fan efficiency (ratio of fan developed power 
to power absorbed by the fan turbine) was 62.5 percent for  all configurations. Because 
of the low pressure ratio of the fan, the fan w a s  found to operate over a wide range of f a n  
mass-flow rates, to have a rapid fall-off in thrust with free-stream Mach number, and to 
perform over a large range of f ree-s t ream Mach numbers for a given nozzle area. A 
20-percent increase in thrust and a 20-percent decrease in specific fuel consumption 
w a s  obtained fo r  the complete propulsion system over that for the basic gas generator at 
the higher Mach numbers. Static thrust  was found to be in slight e r r o r  due to flow in the 
wind tunnel induced by the fan exhaust. 

Because the net thrust  decreased rapidly with increasing free-stream Mach number 
(as a result of the low-pressure-ratio fan), the drag-minus-thrust coefficients became 
positive for all the configurations tested above a Mach number of 0.50. Those configura
tions with the longer nacelles had lower nacelle-drag coefficients attributable, in part, to 
l e s s  flow spillage about the fan cowl. Increasing the exit area decreased the fan-nacelle 
drag because of a decrease in afterbody drag and an increase in plug thrust. All the con
figurations exhibited lower drag-r ise  Mach numbers than predicted from fan-nacelle 
design, probably because of interference drag caused by the fairing between the fan and 
gas-generator nacelles. This interference drag w a s  a result  of pressures  being much 
less than free-stream static pressure  and premature supercritical flows developing on 
the fairing. 

The close agreement between windmill external pressure distributions measured 
on the full-size model with pressures  measured on a 1/5-scale flow-through model, both 
in the same wind tunnel, is taken to indicate that wind-tunnel-wall interference and block
age effects were negligible. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., March 19, 1969, 
721-03-00-02- 23. 
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APPENDIX A 

DATAREDUCTIONPROCEDURE FORFAN 

PERFORMANCE CALCULATIONS 

This appendix is intended to give a brief description of the data reduction procedure 
used to obtain fan performance characteristics from measured quantities. The equations 
used assume U.S. Customary Units in order to avoid confusion. Conversion factors to the 
International System of Units (SI), based on reference 12, are found in table I. Table II 
presents various constants used. 

From figure 1and the section on SYMBOLS, the following notation is found to sum
marize the flow conditions measured at various locations through the model: 

Plane Symbol 

03 free-stream stagnation pressure Pt, 03 

free-stream static pressure PCa 

2.0 gas-generator compressor-face stagnation pressure Pt,2.0 
2.0 gas-gener ator compressor -face static pres  sure p2.0 

2 .o gas-generator compressor-face boundary-layer pressure Pt,b, 2 .O 

5.1 gas -generator turbine -discharge stagnation pressure Pt,5.1 
5.6 fan-tip-turbine -discharge stagnation pressure pt,5.6 

10.0 f an-inlet stagnation pressure Pt, 10.0 
10.0 fan-inlet static pressure p10.0 

10.0 fan -inlet boundary -layer pressure Pt,b, 10.0 
10.6 fan-rotor -discharge pressure pt,10.6 
11.0 f an-discharge pressure Pt, 11.0 

11.0 fan -di scharge boundary -layer pressure Pt,b, 11.0 

03 

It should be noted that several measurements of each type pressure were made. 
The number of these measurements is summarized in the previous section on 
APPARATUS. The pressures measured at each plane (except plane 03) were numerically 
averaged and are denoted with a bar over the symbol. The pressure probes were arranged 
so that each probe surveyed approximately the same annular area. Flow conditions at 
both the gas generator and fan inlet (planes 2.0 and 10.0, respectively) were computed by 
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APPENDIX A - Continued 

the following procedure. (For simplicity the symbols used are for plane 10.0; however, 
calculations at plane 2.0 are identical except as otherwise noted.) 

The effective fan-inlet stagnation pressure is defined as 

where AlOs0 and Ab,lO.O are flow areas assigned to the boundary-layer-free core 
and boundary layer, respectively and represent areas  surveyed by the respective pres
sure survey rakes, and (A1O.O + is the total flow area. To compute gas-
generator inlet conditions, similar area t e rms  a re  used. The average static and stagna
tion pressures are used to compute the Mach numbers in the core and boundary layer. 
Thus, 

and 

Mb, 10.0 

The fan-inlet flow coefficient is then defined as 

A1O.O + Ab, 10.0 ( A I O . O  ‘Ab, 10.0) (MIO.O)  

Fa -inlet stati temperature is computed from 

Tt,lO.O -- Tt, ca 
T1O.O = 2

Tt, 10.o 
+ ?+)T1O.O 

(MlO.0) 

OR (A4) 
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APPENDMA - Continued 

where the stagnation temperature Tt, at plane 10.0 is assumed to be equal to 

Tt, Fan-inlet density and velocity are then 

lbm/ft3 (A5) 

and 

ft/sec (A6) 

Finally fan-inlet mass-flow ra te  was calculated by the following expression: 

m10.0 = hO.o(vlO.O) (AIO.O + Ab,lO.O) 
lbm/sec (A7) 

As  was stated previously, similar calculations were performed to arr ive at the gas-
generator mass-flow ra te  except that the fuel (JP-4) mass-flow rate must be added to the 
air mass-flow rate so that the total gas-generator mass-flow rate is 

mgsl  = Ii12*0 + mf lbm/sec (A8) 

where mf is the fuel mass-flow rate and is obtained from a calibration curve of cor
rected air mass-flow rate for the T58-GE-6A gas generator as given by the following 
table: 

1 i"2.0fi 
6 ' 

lbm/sec 

4.0 
6.0 
8.0 

10.0 
12.0 
14.0 
16.0 
18.0 

hf, 
lbm/sec 

0.0308 
.0570 
.0911 
.1320 
.1812 
.2365 
.2935 
.3503 

-_ - -~.____~
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APPENDIX A - Continued 

Next, fan-discharge effective stagnation pressure at plane 11.0 is found in  a manner 
similar to the fan-inlet effective pressure 

- A11.0(fit,11.o) + Ab,ll.O(fit,b,ll.O) lbf/ft2 (A9) 
(&,ll.o)eff - A 1 l . O  + Ab,ll.O 

and the f a n  effective pressure ratio is then 

Pt, 11.0 (it, Il.o>,f(il0.Jeff= (Gt,lo.o)eff 

Fan-discharge stagnation temperature is 

r Y - 1  1 
Tt,11.0= ~ t , l o . o ~ l l . o ) ~qR - 1+ Tt,lO.O OR (All) 

Pt,10.0 eff 

where 

q R =  0.82 (assumed) 

and 

Tt,l0.0 = Tt,-

A single representative value of the rotor efficiency qR can be used fo.r simplicity, 
since the thrust var ies  as the square root of the temperature and a precise determination 
of this parameter is not absolutely essential for adequate accuracy in the thrust level in 
view of the small variation of Tt,ll.O. 

Fan ideal thrust when discharging to free-stream static pressure is then calculated 
by the following relationship: 

27 


11111 




APPENDIX A - Continued 

Similarly, gas-generator ideal thrust and fan-turbine ideal thrust are found 

2(778.26) ('p,g) (Tt,5.1) 
g -(2) lbf 

y g  

and 

.F5.6 = m5.11'2(778.26)(cp,g) (Tt,5.6) [-(si'] lbf 

Pt,5.6 

Total ram drag is defined as 

lbf 

where V, is the free-stream velocity and can be determined from M and Tt,,.. 

Gross ideal thrust for the cruise-fan propulsion system 

Fg = F 1 l . O  + F5.6 lbf (A16) 

and cruise-fan propulsion net thrust (including gas generator) is 

F n =  F - D r  lbf (A17)g 

Gas-generator net thrust is defined as 

Fn,E = F5.1 - Dr,E = Fg,E - Dr,E (AW 

The net aerodynamic drag for the cruise-fan propulsion system as it is supported on the 
force balance is 

Dn = Fn + (D - F) lbf (A19) 
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APPENDIXA - Continued 

where the quantity (D - F) is the drag minus t rust  measured by the force balance and 
includes the aerodynamic drag of both the f a n  nacelle and gas-generator nacelle. Nacelle-
drag coefficient is then defined as 

where Amax is the fan-nacelle cross-sectional area based on a fan-nacelle maximum 
diameter of 50 inches (127.00 cm) and does not include the gas-generator c ross -
sectional area. It should be noted that although the calculation of fan gross  thrust does 
include fric,tional losses  up to the planes of the pressure instrumentation (planes 5.6 
and ll.O), it does not contain frictional losses through the rest of the nozzle and over the 
plug. Because of the omission of these losses, the determination of the net aerodynamic 
drag is conservative inasmuch as these losses  are usually associated with internal per
formance. It is obvious that the axial-force coefficient presented is 

and that the te rms  drag and axial force can be used interchangeably since these data are 
presented at an angle of attack of 0'. Body-axis coefficients have been used in the pres
ent report  since they are the basic force data presented in reference 11where the effects 
of angle of attack w e r e  determined. The analysis for removing the thrust effects from 
measured force data at angle of attack is also found in reference 11. 

Various ideal power t e rms  based on complete isentropic expansion and efficiencies 
based on these powers a re  now defined. The ideal power available from the gas-generator 
discharge is 

r 

The ideal power absorbed by the fan turbine from the gas-generator discharge is 

778.26 
'5.6 = 550C~,gTt,5.1m5.1 
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The total ideal power output of the fan turbine that could be delivered to the fan rotor is 

778.26 
'T = 550'P7gm5.1(Tt,5.1 - Tt,5.6) 

Ideal power output of the fan rotor (not computed) is 

r 
Y 

PR=-778.26 
550 

- lI
-I 

The ideal power contained in the airstream computed at station 11.0 is defined as 

Y 
778.26PF = 

550 
Pt, 10.0 

Based on the previously presented power terms, the following efficiencies are 
defined: 

Turbine efficiency 

Fan-rotor efficiency 

Fan-stage efficiency 

Overall fan efficiency 

It should be noted that qR 
PR w a s  not determined. 

'5.6 
77T= 

- 'F 
77s- pT 

was  assumed to be 0.82 for the calculation of Tt,ll.O since 
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APPENDMA - Continued 

The fan-turbine power-absorption ratio is 

R =-'5.6 
'5.1 

where the difference between P5.1 and P5,6 is excess power and is still available in 
the discharge from the turbine for producing thrust. 

Fan-rotor-tip Mach number can be found by 

where NF is f a n  rotational speed in  percent full speed (4074 rpm is f a n  maximum 
design speed) and dF is fan diameter. 

Fan-inlet mass-flow ratio (capture-area ratio) is defined as 

where the assumption p,V, = piVi is made. 

Specific fuel consumption for the gas generator and fan is, respectively, 

(sfc)E = 3600m,
1 per hr  (A34) 

Fn, E 

and 

3600mf 
(sfc)F = per h r  (A35) 

and the specific -fuel-consumption ratio is 

The net-augmentation ratio is simply 

FN (A37)
FN,E 
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and it can be seen that the net-augmentation ratio is the reciprocal of the specific-fuel
consumption ratio. The gross  augmentation ratio is Fg/FBml. 

The thrust ratio is 

where Fn,” is the maximum net thrust for any configuration at a given Mach number, 

and (Fn,max 1static is the maximum static thrust at 100 percent fan speed of configu

ration 243, which is 1530 pounds (6807 N). This value is obtained by extrapolating the 
static thrust of configuration 243 to 100 percent fan speed (fig. 30). The exit area of con
figuration 243 was sized to simulate take-off o r  maximum static thrust conditions. 

The static thrust ratio is 

W
E 
meas 
Fn, static 

where Fmeas is the measured static thrust and Fn,static is the ideal static net thrust 
for a particular configuration. 

Fan and gas-generator performance parameters have been corrected to standard 
sea-level conditions (ref. 17) by the following relationships: 

p,fj=-
14.696 

6t = Pt, * 
14.696 

Component pressure forces  on the afterbody and plug were obtained in the drag or  
thrust direction by assigning to each pressure orifice an incremental area projected on a 
plane normal to the fan-nacelle center line and by numerically summing the incremental 
f or,ces. 

The afterbody is defined in figures 7(d) and 7(e) and thus the afterbody drag includes 
the drag of the afterbody to the gas-generator nacelle fairing. The afterbody drag 
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coefficient is 

1.0 
(A43) 

X/Z =a 

where a = x/2 at plane 10.3 for each configuration. 

Because pressures  on the plug are usually above free stream, it is desirable to 
define a plug thrust coefficient ra ther  than a drag coefficient. The plug thrust coefficient 
is based on that portion of the plug downstream of the nozzle exit. Thus, the plug thrust 
coefficient i s  

where b = x/l corresponding to end of plug. 
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APPENDIX B 

DISCUSSION OF SCALE MODEL INVESTIGATION 

Model and Procedure 

In an effort to determine qualitatively the wind-tunnel-wall interference effects, a 
1/5-scale flow-through model of configuration 123 was  constructed of wood with a plastic 
overlay. A sketch of the 1/5-scale model is presented in figure 75 and a photograph of 
the model in the Langley 16-foot transonic tunnel is shown as figure 76. Nondimensional 
ordinates can be found in figure 7.  The fan nozzle shroud was made symmetrical using 
the contours of the cold side. 

The model was  designed with separate fan and gas-generator ducts. No attempt 
was made to simulate the pressure losses associated with the flow through both the actual 
fan and gas generator while they are windmilling. However, mass-flow ratio was  deter
mined for the simulated fan flow and good agreement was  found with that of the full-scale 
configuration under windmill conditions over the Mach number range investigated. (See 
fig. 77.) No measurements were made of the flow through the gas-generator duct. Pres
sure tubing w a s  routed from the fan nacelle into the gas-generator duct and out of the 
model in the annulus between this duct and the sting. This arrangement resulted in more 
solid blockage of the gas-generator duct than is indicated in the sketch of figure 75. 

The model was  tested at Mach numbers from 0.30 to 0.80. Surface pressures  and 
fan-duct stagnation pressures  were measured and recorded on the same type of system 
as was used for the full-scale tests. Boundary-layer transition was fixed at the fan 
bulletnose, inlet, and nacelle and on the gas-generator nacelle. A transition s t r ip  
0.1 inch (0.25 cm) wide w a s  located 0.85 inch (2.16 cm) back of the leading edges and 
consisted of No. 80 carborundum grains cemented in a thin coat of clear shellac. 

Results and Discussion 

A comparison of fan-cowl-plus-afterbdy pressures  is presented in figure 78. 
With the exception of the forward portion of the fan cowl (up to x/Z = 0.15), good to 
excellent agreement was  found in the levels of pressure coefficients over the Mach num
ber range investigated. There are some probable reasons, other than a windmilling fan 
effect, for the discrepancies over the forward portion of the nacelle. First, the curva
ture may not be identical. The full-scale fan nacelle was  fabricated with a fiber-glass 
shell over a frame structure which resulted in a wavy surface. On the other hand, the 
1/5-scale model was  made of mahogany covered with plastic and had a smooth surface 
with no waviness. Secondly, in this area, where pressure gradients are very steep, slight 
errors in locating the pressure orifices can also cause apparent discrepancies. For 
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example, at x/l = 0 where the largest  differences occur, L e  orifice measuring stagna
tion pressure on the 1/5-scale model indicates a lower pressure coefficient than might 
be expected. Also, another probable cause of these discrepancies is the difference in 
Reynolds number. 

Figure 79 presents comparisons of the bulletnose-plus-plug pressure distributions. 
Good to excellent agreement was found especially with the plug pressures. 

Gas-generator -nacelle pressure distributions are compared in  figure 80. Here 
again the same problems encountered with the leading-edge a rea  of the fan nacelle are 
probably the causes for disagreement in  the same region on the gas-generator nacelle. 
However, from x/Z = -0.50 to x/Z = 0.92, the agreement is good. The discrepancy that 
exists at x/Z = 1.08 is caused by the placement of the pressure orifice on the 1/5-scale 
model at the start of engine-nacelle boattail and the consequent effects of expansion about 
the boattail. The cylindrical section on the 1/5-scale model should have extended about 
1.2 inches (2.75 cm) farther downstream from this last orifice since the nacelle extended 
6 inches (15.24 cm) beyond the last orifice on the full-scale configuration. 

Bulletnose and afterbody drag coefficient and plug thrust coefficient are compared 
in figure 81 and show excellent agreement. Bulletnose drag coefficient w a s  computed by 
a method similar to that of the afterbody drag coefficient as shown in appendix A. 

From a comparison of pressure distributions and computed pressure drag coef
ficients between a 1/5-scale and full-scale configuration of the tip-turbine cruise fan, it 
is concluded that for the range of Mach numbers investigated, tunnel-wall-interference 
effects are negligible. This result  is evident by the good agreement in the measured sur
face pressure distributions. The only discrepancies occur at the leading edge of both the 
fan and engine nacelle and these could probably be due to inaccurately duplicating the 
full-scale model and Reynolds number effects. 

Comparison of computed pressure drags o r  thrust also shows excellent agreement. 
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TABLE I.- CONVERSION FACTORS 

- ..- _ ._. 

Physical U.S. Customary Conversion 
quantity Unit factor 

.- - ~ _ _  ~. - ~ .__ 

Acceleration ft/sec2 3.04800 X 10-1 

Area ft2 9.290304 X 

M a s s  density lbm/ft3 16.018463 

Force lbf 4.4482216152605 

Gas constant f t/OR 5.38032026 

Length f t  3.048 x 10-1 

Length in. 2.54 X 

Mass-f low rate Ibm/sec 4.5359237 x 10-1 

Pressure lbf/ft2 47.880258 

Power hP 7.4569987 X lo2 
Specific fuel 

consumption 
lbm/lbf -hr 9.8066 

Specific heat Btu/lbm -OR 4.184 X lo3 
Temperature OR 5.5555 x 10-1 

Time sec 1.000 

Velocity ft/sec 3.04800 X 10-1 

SI unit 
I 


meters/sec2 

meters2 

kilograms/meter3 

newtons 

joules/kilogram -OK 

meters  

meters  

kilogram/sec 

newtons/me ter2 

watts 

kilograms/newton -hr 

joule s/kilogram -OK 

OK 

seconds 

meter s/sec 
-
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TABLE II.- CONSTANTS 


Symbol U.S. 	Customary
Units 

13.646 f t 2  

0.2430 Btu/lb-OR 

0.2764 Btu/lb-OR 

50 in. 

32.174 ft/sec2 

53.35 ft/OR 

1.400 

1.330 

0.820 

SI units 

1.268 meters2 


1016.7 joules/kilogram -OK 


1156.5 joules/kilogram-OK 


1.270 meters  


9.80665 meters/sec2 


287.040 jo d es/kilogr am -OK 


1.400 


1.330 


0.820 
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TABLE III.- LIST OF DATA FIGURES 

Figure Zonfiguratio Remarks 

9 244 Gas-generator -inlet pressure-ratio profiles 
10 244 Gas-generator-turbine-dischargetotal-pressure-ratio

profiles 
11 244 Fan -turbine -discharge total -pre ssure-ratio profiles 
12 All Gas-generator and fan-turbine exhaust temperature 
13 All Gas-generator performance characteristics 

14 144 Fan-inlet pressure profiles 
15 244 Fan-inlet pressure profiles 
16 344 Fan-inlet pressure profiles 
17 123 Fan-inlet pressure profiles 
18 113 Fan -inlet pres  sure profiles 
19 112 Fan-inlet pressur e profiles 
20 322 Fan -inlet p ressure profiles 
21 243 Fan-inlet pressure profiles 

22 144 Fan-rotor-discharge and fan-discharge pressure profiles 
23 244 Fan-rotor -discharge and fan-discharge pressure profiles 
24 344 Fan-rotor-discharge and fan-discharge pressure profiles 
25 123 Fan-rotor-discharge and fan-discharge pressure profiles 
26 113 Fan-rotor -discharge and fan-discharge pressure profiles 
27 112 Fan-rotor-discharge and fan-discharge pressure profiles 
28 322 Fan-rotor-discharge and fan-discharge pressure profiles 
29 243 Fan -rotor -discharge and f an-di scharge pressu re  profiles 

~ ~~ 

30 All Measured static thrust and static-thrust ratios 
~~ 

31 144 Fan performance characteristics 
32 244 Fan performance characteristics 
33 344 Fan performance characteristics 
34 123 Fan performance characteristics 
35 113 Fan performance characteristics 
36 112 Fan performance characteristics 
37 322 ?an performance characteristics 
38 243 ?an performance characteristics 

page 

65 

66 


67 

68 

70 


78 

81 

84 

87 

90 

93 

96 

99 


101 

104 

107 

110 

113 

116 

119 

122 


124 


125 

127 


129 

131 

133 

135 

137 

139 
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TABLE III.- LIST OF DATA FIGURES - Continued 

Figure 
- -~ -~ 

39 All Fan-turbine power-absorption ratio and fan-stage
efficiency 

141 

40 All Specific-fuel-consumption ratio 145 
41 All Net-thrust-augmentation ratio 146 
42 All Summary of specific -fuel-consumption and net-thrust 

augmentation-ratio characterist ics 
147 

43 All Summary of thrust-ratio characterist ics 148 
-	 _- - .- -- 
44 144 Fan-nacelle external and internal pressure distributic 149 

- .  

45 244 Fan-nacelle external and internal pressure distributic 155 
46 344 Fan-nacelle external and internal pressure distributic 162 
47 123 Fan-nacelle external and internal pressure distributic 168 
48 113 Fan-nacelle external and internal pressure distributic 174 
49 112 Fan-nacelle external and internal pressure distributic 179 
50 322 Fan-nacelle external and internal pressure  distributic 185 
51 243 Fan-nacelle external and internal pressure distributic 191 

..- __ _ _  ___  
52 144 Fan-bulletnose -plus-plug pressure distributions 194 
53 244 Fan-bulletnose-plus-plug pressure  distributions 196 
54 344 Fan -bulletno se-plus -plug p ressure distributions 200 
55 123 Fan -bulletnose -plus -plug pressure distributions 204 
56 113 Fan-bulletnose -plus-plug pressure distributions 206 
57 112 Fan -bulletnose -plus-plug pressure distributions 208 
58 322 Fan -bulletnose -plus -plug pres  sure  distributions 212 
59 243 Fan -bulletno se-plus-plug pressure distributions 216 

. . ~  -_. ~. . ___ _ _  
60 144 Gas-generator -nacelle internal and external pressure 220 

distributions 
61 244 Gas-generator -nacelle internal and external pressure 222 

distributions 
62 344 Gas -generator -nacelle internal and external pressure 224 

distributions 
63 123 Gas-generator -nacelle internal and external pressure 226 

distributions 
64 113 Gas-generator -nacelle internal and external pressure 228 

distributions 
65 112 Gas -generator -nacelle internal and external pressure 230 

distributions 
66 322 Gas-generator -nacelle internal and external pressure 232 

distributions 
67 243 Gas-generator -nacelle internal and external pressure 234 

~ distributions - - 
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TABLE IIL- LIST OF DATA FIGURES - Concluded 

Figure Configur atior Remarks 

68 All Aerodynamic characteristics 236 
69 All Mass-f low -ratio characteristics 247 
70 All Nacelle -drag -coefficient characterist ics 248 
71  All Summary of windmill nacelle-drag coefficient 250 
72 All Afterbody-drag characteristics 252 
73 All Plug thrust coefficient 253 
74 All Variation of fan-cowl minimum pressure coefficient 254 

77 123 Comparison between full-scale and 1/5-scale model of 
mass-flow ratio 

257 

78 123 Comparison between full-scale and 1/5-scale model of 
fan-nacelle pressure distributions 

258 

79 123 Comparison between full-scale and 1/5-scale model of 
bulletnose -plus-plug pressure distributions 

264 

80 123 Comparison between full-scale and 1/5-scale model of 
gas-generator -nacelle pressure distributions 

270 

81 123 Comparison between full-scale and 1/5-scale model of 
bulletnose and afterbody-drag coefficient and plug
thrust coefficient 

276 

-
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, Plane Definition 
0 Free stream 
1.0 Gar generator inlet leading edge 
2.0 Gas generator w m D r e m r  face 
5.1 Gas generator turbine discharge 
5.6 Fan tip turbine discharge
9.0 Fan inlet leading edge 

10.0 Fan inlet measuring plane 
10.3 Fan rotor relerence piane 
10.6 Fan rotor discharge 
11.0 Fan discharge 
12.0 Nozzle exit 

- 12.10 f30.73i 

I 
-2.w 

15.81 


D or C 

Moment reference center 

-Fan stator 

-
Flow 

LI / ' /  / / / /  / 

hL77.45 1196 721 7;12.12 i3078l A 
Figure 1.- Cruise-fan-forces sign convention and definition and' location of instrumentation planes. All  dimensions are in inches 

(parenthetical dimensions i n  centimeters). 



w 
Total s lo t  o p e n i n g  0.04per ime te r  	

Test sect ion area 2W f? (18.58 m2) 
Model f r o n t a l  area less s t r e a m  tube  12 ft2(1.11 m2) 
Blockage 6 percen t  

Figure 2.- Installation of cruise-fan model i n  the 16-foot transonic tunnel. 



Cold llow 

FAN DATA X - J l h  

Figure 3.- Sketch of cruise-fan assembly. Al l  dimensions in inches (parenthetical dimensions in centimeters) unless otherwise noted. 



Conf igu ra t i on  144 L-65-4552 Con f igu ra t i on  244 L-65-4525 

Con f igu ra t i on  322 
L-65-4639 

(a) Configurations 144, 244, and 322. 


Figure 4.- Photographs of model. 
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Rear view L-65-4640 

(b) Configuration 322 showing guy wires. 

Figure 4.- Continued. 
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(c) Top view showing 9 s  generator and fan, without transit ion sections. L-63-8705 

Figure 4.- Continued. 



(d) Front view showing scroll and fan rotor. L-63-8451 

Figure 4.- Continued. 
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(e) Rear view showing fan stators and flow splitter plate. L-63-9681 

Figure 4.- Continued. 



(f) Configuration 243; view of fan turbine blades. L-65-4787 

Figure 4.- Concluded. 



229.09 (581.89) 215.19 (546.58) 
176.14 (447.40) _ _  162.24 (412.09) 

Configuration 144, Ae=433 in‘(2793 cm2) 

229.09 (581.89) 

154.14 (391.52) ~ 

71.74 1182.22)d 

Configuration 244, Ae =433 in2 (2793 cm2) 

Configuration 314, Ae=433 in2(2793 cm2) 

224.56 (570.381 

171.61 (435.89) 
103.11 ( 2 6 1 . 9 0 ) 4  

Configuration 113, Ae =433 in2  (2793 cm2) 

93.74 ( 2 3 8 . 1 0 1 4  

Configuration 123, Ae=433 in2 (2793 cm2) 

Configuration 243, Ae = 770 in2 (4968 cm2) 

209.05 (53.991 

Configuration 322, Ae =566 in2 (3652 cm2) 

* 218.42 (554.79) 
165.47 (420.29)i 103.11 ( 2 6 1 . 9 0 1 4  

Configuration 112, A =566 in2 (3652 cm2) 

Figure 5.- Sketches of various configurations tested. All dimensions i n  inches (parenthetical dimensions i n  centimeters) unless othenvise 
noted. Note that plane 10.3 and configuration component code numbers are shown circled. 
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4'10 

nacelle 
I 

center line
@ r 

I 

Configuration 1 A, (in.2) 

2793 0.81 49.00 124.46 1i::;;
44.74 

113.64 
113.64 
113.64 

93.74 
71.74 
56.74 

238.10 
182.22 
144.12 

10 
10 
10 

1.87 
1.43 
1.13 

1.133 
1.133 
1.133 

93.74 238.10 14.5 1.87 1.133 
103.11 261.90 12 2.06 1.133 

54.11 137.44 103.11 261.90 12 2.06 1.133 
44.74 113.64 56.74 144.12 14.5 1.13 1.133 
44.74 113.64 71.74 182.22 10 1.43 1.133 

2793 
433 2793 
433 2793 

113 433 2793 
112 
322 
243 I 

566 
566 
770 

3652 
3652 
4968 

Configuration Aj/Ae 

144 3.478 
244 3.478 
344 3.478 
123 3.478 
113 3.478 
112 2.661 
322 2.661 
243 

ul 
W 

.71 27.00 68.58 

.55 12.00 30.48 

.81 49.00 124.46 

.81 49.00 124.46 

.81 49.00 124.46 

.55 12.00 30.48 

.71 27.00 68.58 

d. (in.) I d.J (cm) 
J 

43.86 111.40 
43.86 111.40 
43.86 111.40 
39.84 101.19 
39 -84 101.19 
39.84 101.19 
39.84 101.19 

111.4043.86 L-
NACA inlet designation 

12.5 
12.5 
12.5 

65Xi
16.51 6.5 1 4.10 

1-64-98 
1-72- 64 
1-81-18 
1-64-98 
1-64-98 

5.25 1-64-98 
3.57 1-81-18 

12.5 4.10 1-72-64 

Figure 6.- Summary of cruise-fan geometrical characteristics. 



nacelle center line 

= 8.10in.(20.57em) 

L 
xmax = 16.35 in. (41.53em) 

0	.ooc 

.028 

.056 

.085 

.141 

.281 

.470 

.705 

.893 


1.ooo 

0	.ooo 
,220 
.289 
.356 
.465 
.637 
.795 
-940 
.998 
1.ooo 

(a) Fan-bulletnose ordinates. 

Figure 7.- Geometric characteristics of various model components. 

54 




= 


Fan nacelle 
center line 

__t__t_-

Fan cowl 1 49.00 124.46 25.OO 63.50 
27.00 68.58 25.00 63.50i-4 1 32 1 12.00 1 30.48 1 25.00 1 63.50 1 

L x F C d 

I Fancowl 1 ll Fan cowl 2 II Fancowl 3 
~~I P F C  rFJ/rmax ' F p m a x  

0.000 , 0.649 0.727 0.727 ' 0.000 0.816 1 0.816 
.751 I .010 .838 I 

.602 .686 i .030 .779 ~ .856 
.703 .022 .765 .879 ' 

.594 .678 .779 .090 .755 .890 

1 .092 
:097 

.579 

.573 

.744 

.768 
.060 
.090 

.661 

.651 
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Figure 17.- Fan-inlet total- and static-pressure profiles for configuration 123. Flagged data indicate windmill conditions. 

(r/rmax = 0.45 for fan bulletnose.) 
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Figure 20.- Fan-inlet total- and static-Pressure profiles for  configuration 322. Flagged data indicate windmil l  conditions. 
(r/rmax = 0.45 for fan bulletnose.) 
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Figure 20.- Concluded. 

68 


111111I 




I 


I .02 

I .oo f 
8 
c


y
o .98 
0 

Cl 

6 .96 
8 
t

?. .948 v 

c i  .92 


.90 


I .02 

I .oo 
8 
t-


2 
Cl 

& .96 
8 


.98 1ji

\	
a' .948 
a' .92 


.8.90 .7 .% .9 1.0 .4 .5 .6 7 
I 

.9 I .o 

""OX 

(a) M = 0.20: N ~ / f i  = 97.2 percent. 
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Figure 23.- Fan-rotor-discharge and fan-discharge total-pressure profiles for configuration 244. Flagged data indicate windmil l  conditions. 



---- 

I .IO 

I .08 

I.06 

I 
e, deg 

67.5 -
157.5 
247.5 
337.5 

---E

.98 I 

(b) M = 0.50; NF/G= 93.9 percent. 

Figure 23.- Continued. 



(c) M = 0.80; N F / f i =  87.5 percent. 
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Figure 25.- Fan-rotor-discharge and fan-discharge total-pressure profiles for  configuration 123. Flagged data indicate windmil l  conditions. 
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Figure 26.- Fan-rotor-discharge and fan-discharge total-pressure profiles for configuration 113. Flagged data indicate windmill conditions. 
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Figure 29.- Fan-rotor-discharge and fan-discharge total-pressure profiles for configuration 243. Flagged data indicate windmil l  conditions. 
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Figure 31.- Fan performance characteristics for configuration 144. 
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Figure 32.- Fan performance characteristics for configuration 244. 
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Figure 33.- Fan performance characteristics for configuration 344. 
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Figure 34.- Fan performance characteristics for configuration 123. 
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Figure 35.- Fan performance characteristics for configuration 113. 
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Figure 36.- Fan performance characteristics for configuration 112. 
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Figure 37.- Fan performance characteristics for configuration 322. 
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Figure 38.- Fan performance characteristics for configuration 243. 
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Figure 39.- Fan-turbine power-absorption ratio, fan-stage efficiency, and overall fan-efficiency characteristics for  the various configurations tested. 
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Figure 39.- Continued. 
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Figure 39.- Concluded. 
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Figure 40.- Specific-fuel-consumptionratios for the various configurations tested. 
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Figure 41.- Net-augmentation ratios for the various configurations tested. 
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Figure 50.- Fan-nacelle pressure distributions for configuration322. 
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Figure 51.- Fan-nacelle pressure distributions for configuration 243. 
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Figure 53.- Fan-bulletnose-plus-plug pressure distributions for configuration 244. 
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Figure 54.- Fan-bulletnose-plus-plug pressure distributions for configuration 344. 
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Figure 80.- Comparison of gas-generator-nacelle pressure distributions of configuration 123. 
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Figure 81.- Comparison of bulletnose and afterbody drag coefficients and plug thrust coefficients of configuration 123. 
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